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Need for high resolution htc data in turbomachinery

Cooling passages close to the blade surface

* Detailed thermal

. X
model of the engine QI
component required O Fead X0 TS
for component life ‘. Air W
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predictions \t$§
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* Aerospace turbine ing
blades are small and
. WALL
cooling systems are COOLING \
usually compact. Typical civil engine:-

Mean gas temp = 1970K
Max relative = 2375K

ONR Thermal Materials Workshop 2001 4



Example blade cooling temp distribution
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Scaling 1ssues

* Large scale model improves effective resolution.

« Switch off sideways (lateral) conduction to achieve
local htc measurement with 1-d processing.

* No need for engine temperatures.

e Fluid dynamics correct through use of Reynolds
number, Mach number and Prandtl number.

Nu = 1(Re, Pr,Mach)

Dimensionless / Dimensionless

heat transfer coefficient flow speed
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Temperature measurement

Red Green Blue signals from video
— Intensity or Hue processing

I=R+G+B

2R-G-B
J6(R-1)V+(G-1)+(B-1))

cos(H) =

|
DX X
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Time of crystal colour change depends on local 7
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intensity
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Heat transfer inside a film-cooling hole fed 1n cross-flow

 EEE N
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’47180 mm

Gas Thermocouple
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L=60mm

High Aspect
Ratio Duct

Liquid crystal

applied to this 220 mm

Film Cooling Hole
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Test Plenum

Orifice Plate
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Typical Intensity Histories at 6 Positions on the Film
Cooling Hole Surface. Monochromatic processing.
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Local Nusselt Number Distribution, 90° Hole

Nu / Nu
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Lattice cooling system for trailing edge

0\
&
29

Lattice Cooling
System to fit inside

Geometric scaling essential
this Cavity

for resolution

%
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N

Trailing Edge
Film-Cooled from a <
Central Cavit
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The Assembled Lattice Model

Tip Exit Film-Cooling Holes Root
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Photographs of the
Working Section

s (8 mm) 0
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Nusselt number distribution at several Reynolds numbers

Re=8660 Nu(Dittus-Boelter) = 28.2 Re=8660 Nu(Dittus-Boelter)=28.2
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Rib roughened passage

3 metres (60d) long, square cross section cooling passage

Perspex walls with temperature sensitive liquid crystal coated on
the inner surface.

Reynolds number from 20,000 to 60,000

Air 1s heated at the inlet using heater mesh

Test section situated from 40d to 60d

Fully developed flow established ahead of the test section

Rotation not simulated in the experiment

Orifice plate
. N _ _ . _ meter
Heater mesh & Flane 0 Flane 1 Flane 2 Flane 3 3
T—— VT ETTETTIT T |

Fibbed test section

1 m

3m
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Heat transter distribution

60° interrupted inline ribs

Flow Direction

0 20 40 b0 ol 00 120 140 16D
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Impingement heat transfer rig
The perspex test rig is

T . . . .
Vathum Burll I instrumented with liquid

~ crystal coated

| impingement and target
plates, and fast response
gas thermocouples at the
entrance and exit of the
working section

Target Plate

' '
Heater  # '}

> Ipingement
Plate
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Data through the mesh heater

Reynolds Number = 38000 Image at time = 60 seconds

To
Vacuum Pump

[ ] ABOVE 20
B 19- 20
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Heater convective efficiency

*High convective efficiency ( ~50%) so:

—wires run cool r — T

wire downstream

M convective = T T
—radiation insignificant wire upstream

—support easy to engineer

Suitable for switching temperature of low speed flows

V.0
° 0.7 -
>
= 0.6 -
§ 0 \:\'\k‘u‘\ ~8— 40micron
N ' MEREE Y ¢ 100micron
© 04 \‘\‘\‘\H\x"%
% 0 —a— 200micron
S :
S 02 L
O
0.1 -
0
0.01 0.1 ] 10 100
Velocity (m/s)

ONR Thermal Materials Workshop 2001 23



Fluid temperature |Surface temperature
ht
Step change to 7' o T =T,+(T, - T, )L W)J
Series of steps T =T, + z (r, -1, {1 e 2 (tc— ") erte (" \/\/fp;k ])
Exponential with R T :
asymptote 7, T [1+ 2]
erfc ( h ‘\/t_ ) - e - !
~ p ck ’ (] n pzck j
h T
B Rarse|
: ‘ sinh n \/Z
Ramp function with Y 1—exp(B)erfd )
slope m s = o tm ,B+ 7
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Works heating or cooling

6000 - — Heat Flux
— Heating Process
5000 - — Cooling Process
S — Linear (Heating Process)
4000 - — Linear (Cooling Process)
Tw_init=22.91
< 9000 Tg_init=23.25 / \\Y; -153.26x + 9790.7
£ 2000 -
5 1000 - \
T
-E; O T T f T T T I =~ \
()
T _1000 0 10 20 30 40 50 60f 70
2000 Taw=63.88
y = -151.31x + 3467.1 \/ Tg_avg=66.85
-3000
-4000

Temperature (deg C)
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Use of stepped flow temperature

RMS error in intensity fit (htc x Tbar) pixel position
‘ : ‘ 0.5
30 ¢ o
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201 n ] 0.3
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5 L
‘ ‘ ‘ 0
20 40 60 20 40 60 80
surface temperature history (red = best fit) intensity history (blue = exp, red = best fit)
50 ‘ ‘ 2 ‘ ‘
40 |
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Increasing the number of steps

RMS error in intensity fit (htc x Tbar) RMS error in intensity fit (htc x Tbar) RMS error in intensity fit (htc x Tbhar)

RMS error in intensity fit (htc x Tbar) RMS error in intensity fit (htc x Tbar) RMS error in intensity fit (htc x Tbar)

20 40 60
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Work on Dry Low Emission Combustor

\ | = Film Cooling
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Film Cooling Effectiveness
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[Lateral Conduction Correction

Step Two: Alternating Direction Methods (after Jim Douglas)

2 2 2
8T_a(8T+8T+8Tj y %"

or \ox* oy 8z “
a) (A — )T, = —(A> +2A° +2A% + 29T,
At g At
where AT =(T., ., —2T .. +T_ .. )/(Ax)’




[Lateral Conduction

Heat Flux at each pixel can
be then be calculated. The
Film Cooling Effectiveness
and Heat Transfer
Coefficient can be
determined by the
interception of the

Temperature axis and the
gradient of the heat flux
graph shown above.

w w
N w
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Current marine application

e &32 channels 1n the
specimen.

* Length of each
channel: 197 mm.
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RR spiral recuperator

CONTINUOUSLY WELDED
(LASER) EDGES
LASER WELDED
HEADER
|
|
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i
; y o
FIGURE § ' FGLME 6

ONR Thermal Materials Workshop 2001 33



Earlier interrupted fin htc

Heat transfer coefficient [W/mA2/K]

T4v
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Recuperator heat transfer research underway
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Early thin film gauges
- T)- q(®
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Analysis

T —q
g =/ pck~IsT

ANALOGUE

STEP ¢(¢) \ ol — =
\%

——
— 1 o
g~ :

§ oV _rol

ox* c ot

. 1 V=T IEq
T~

S3/2

()" e

ONR Thermal Materials Workshop 2001 37



Two layer gauges

—— SENSOR

52 _Pycoky

p.ck,
P1%
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Gauge sensor

Gauge sensor (Platinum)

Copper leads C

Upilex
Glue
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perature difference across the insulating layer,
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Temperature rize
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Heat transtfer rate wim?
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High Density Layout using Gauge Arrays

/ Voltage Leads

>

Flow Direction

— _/

Constant T
Current Path Voltage Leads

5 | ;
) om ”
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Model covered with sheet of TFG arrays
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Turbulent Spot Detection with Surface TFG’s

407 —
l ‘ l | - Becalmed Region-

3 5 rvsserrsssssssrsssnennes ” ........................ . .......................... Turbuléntspo ,. ...................... ...................... -

Heat flux [kW/m?]
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Visualizing Transitional Heat Flux

Rex = 1.3e+005 U =48.0 m/s Tu=24%

85 86 87 88 89

: Turbulent Heat Flux
Laminar Heat Flux

........................................................................................................

4 Spanwise Thin Film Arrays Freestream Tgrbulence
(27 Sensors each) | 5 Bar Grid ~
TR T A U
/7 7 v s 7 .
—
Flat Plate M0d€1J ',_/ 7 Flow Direction
X
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Conclusions

* Presentation of existing techniques for
miniature measurements.

* Scaling can be useful for determination of
convective loads at high resolution.

e Miniature thin film gauges being
continuously developed.
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